A GaInN light-emitting diode (LED) structure is analyzed that employs a separate epitaxial growth for the p-type region, i.e., the AlGaN electron-blocking layer (EBL) and p-type GaN cladding layer, followed by wafer or chip bonding. Such LED structure has a polarization-inverted EBL and allows for uncompromised epitaxial-growth optimization of the p-type region, i.e., without the need to consider degradation of the quantum-well active region during p-type region growth. Simulations show that such an LED structure reduces electron leakage, reduces the efficiency droop, improves hole injection, and has the potential to extend high efficiencies into the green spectral region. The efficiency droop has been identified as the single most significant loss mechanism in GaInN light-emitting diodes (LEDs).
The efficiency droop has been identified as the single most significant loss mechanism in GaInN light-emitting diodes (LEDs). 1 The efficiency droop has a pronounced wavelength dependence with green devices (525 nm) suffering the most from the efficiency droop, blue devices (450 nm) suffering less than green devices, and violet devices (405 nm) suffering less than blue devices.
1 Considering the widespread deployment of GaInN LEDs in general lighting applications, an improvement in the efficiency by overcoming the efficiency droop would have substantial consequences. Likewise, extending high efficiencies to the green spectral region would fundamentally change the capabilities of LEDs by enabeling high efficiency devices across the entire visible spectrum.
Experimental investigations on the efficiency droop have revealed that the carrier-recombination-loss mechanism causing the efficiency droop has a strong 3rd order (n QW 3 ) dependence and a weaker 4th order (n QW 4 ) dependence, where n QW is the free electron concentration in the quantum-well (QW). 2 Recombination of electron-hole pairs in a current-injected LED structure has been described by
where f(n QW ) describes the electron leakage out of the active region, C DL and D DL are the 3rd and 4th order drift-leakage coefficients, respectively, 2 and the other symbols have their usual meaning. Multiple models have been proposed to explain the efficiency droop, [3] [4] [5] [6] [7] [8] [9] [10] two of which have been quantitatively refined and shown to have, consistent with experiments, a strong 3rd order dependence on n QW : These two models are the electron-drift-leakage model, 2, 9 and the Auger model. 7, 8 Inspection of Eq. (1) shows that both models have a recombination term that has the generally accepted n QW 3 dependence. Within the framework of the electron-drift-leakage model, the 3rd-order drift-leakage coefficient, C DL , given in Eq. (1), can be expressed as
where d is the ratio of the electron concentration in the barrier to the electron concentration in the QW of the active region, and p p0 is the hole concentration in the p-type layer.
, and B ¼ 10 À10 cm 3 s
À1
, we estimate the C DL coefficient to be on the order of 10 À29 cm 6 s
, consistent with experimental reports. The equation shows that an improvement in the efficiency droop can be attained by reducing d and enhancing p p0 . Next, we will show that the LED structure presented here reduces C DL (and thus the efficiency droop) by reducing d and by enhancing p p0 . It has been shown that a high acceptor concentration at the QW/spacer/electron-blocking layer (EBL) interface is vital to reduce electron leakage.
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Conventional GaInN LED epitaxial layers are grown in a single epitaxial growth run. We propose an alternative strategy in which the LED epitaxial layers are grown in two separate growth runs. The proposed method of LED growth is schematically shown in Figure 1 . The first growth run provides a buffer layer, the n-type GaN cladding layer, and the multi-quantum well (MQW) active region, fully optimized for efficient light-emission. The first epitaxial-layer stack concludes with the growth of a thin GaN spacer layer to protect the GaInN QWs and provide a layer suitable for waferbonding. The second growth run provides the p-type portion of the LED, that is, the top p-type GaN cladding layer, the EBL, and a thin GaN spacer layer suitable for waferbonding. Subsequently, the two partial LED structures are combined via a wafer or chip bonding process to form a single wafer (or chip) with the full LED structure. The spacer layer is a critical layer since it serves as the interface of the wafer/chip bonding process. A concern is that the spacer layer may be consumed or damaged during the wafer/chip bonding process. However, it is well established that the cplane of GaN, (top surface, {0001}, Ga face), is impervious to wet chemical etching. Given this unique and advantageous property, even a very thin spacer layer could be very suitable for the wafer/chip bonding process. Subsequent to the wafer/chip bonding process, the sapphire substrate of the p-type epitaxial layer may be removed by using a substrateremoval process such as laser lift-off (LLO), in order to make accessible the p-type GaN cladding layer. The resulting LED epitaxial wafer is now similar to a conventional LED epitaxial wafer, with the following exceptions: (i) the polarization charges in the EBL are reversed; (ii) the growth conditions of the p-type region (particularly the growth temperature) can be optimized without constraint; (iii) the MQW active region will not degrade during the p-type region growth. The substrate on the resulting epilayer stack may be removed if vertical-current flow LEDs are desired, or may be left attached if lateral-geometry LEDs are desired. As will be discussed next, such LED structure and process have several beneficial properties.
First, as a consequence of the two separate growths, the polarization charges in the EBL are inverted. Conventional GaInN LEDs have an electron-attracting positive polarization-sheet charge at the spacer-EBL interface. This sheet charge reduces the EBL barrier thereby enhancing electron leakage out of the active region.
3,4,10,12 However, the LED structure shown in Figure 1 has a negative polarization charge at the spacer-EBL interface which aids in the electron confinement to the active region.
Second, the LED process discussed here allows for uncompromised optimization of the p-type region. In conventional GaInN LEDs, the p-type GaN is grown after the QW active region, so that the p-type-layer growth temperature is limited to values that minimize the degradation of the QW active region. This limitation forces the growth temperature for the post-QW p-type region to be lower than optimal values, particularly for green-emitting LEDs. That is, the p-type region of green devices is grown at lower temperatures than that of violet devices; although this preserves the integrity of the QWs, it compromises the doping characteristics of the p-type region. That is, a compromise is forced between (i) maintaining the integrity of the QWs and (ii) optimizing the p-type layer growth. If optimized (higher) growth temperatures were possible, the hole concentration would be enhanced, thereby reducing carrier overflow. 2, 9 Third, the integrity of the MQW active region is not compromised by the growth of post-QW layers. Hightemperature epitaxial growth of the post-QW layers degrades the MQW active region and reduces the efficiency of the LED. This is particularly relevant for green-emitting devices, whose active region is more sensitive to prolonged exposure to high temperatures. The proposed LED process eliminates the QWs' prolonged exposure to high temperatures that occurs in conventional GaInN LEDs, during the p-type layer growth.
To verify the advantages of the proposed LED structure, APSYS simulations are performed for a conventional LED and an LED based on the growth scheme presented above. This simulation software computes the wurtzite electron band structure of the strained quantum wells, selfconsistently computes the carrier transport, and calculates the photon emission spectrum. The transport model includes drift and diffusion of electrons and holes, Fermi statistics, built-in polarization and thermionic emission at heterointerfaces, as well as Shockley-Read-Hall and Auger recombination. Quantum transport models (such as tunneling) are not considered in the present simulation. The LEDs in the simulation have an active-region with three undoped 3 nm thick GaInN QWs and 4 nm undoped GaN quantum barriers (QBs). We have generally found that the parameters of the p-type region and active region are of primary and secondary importance, respectively, in determining the electron leakage out of the active region. We employ a 30 nm Al 0. 15 /s is chosen for the simulation, consistent with theoretical expectation. 13 The polarization charge employed in this simulation is 50% of the theoretical Bernardini values. 14 Figure 2 shows the simulated band diagrams of the LED structures at a current density of 200 A/cm 2 . Several key differences can be identified from this figure, which will be discussed next.
Conventional GaInN LEDs contain a positive polarization-sheet charge at the spacer-EBL interface. This sheet electron-attracting charge promotes electron leakage out of the active region. Comparing the spacer/EBL interface of Figs. 2(a) and 2(b), it is clear that the electrons are attracted to this interface in the conventional LED. In contrast to this, Fig. 2(b) shows an interface with the opposite, i.e., negative sheet charge, which repels electrons, thereby hindering their escape from the active region. The conduction-band energy difference from the bottom of the last quantum well to the top of the EBL is 0.44 eV for the conventional LED structure and 0.78 eV for the LED with polarization-inverted EBL. The difference between these two values is due to the inverted polarization charge at the spacer/EBL interface. Given a Boltzmann distribution of carriers in the quantum wells, this difference in barrier height for electrons leads to a stronger carrier confinement and thus reduced electron overflow. Furthermore, considering the conduction-band edge of a conventional LED, the energy of electrons located at the highest-energy point of any of the QBs of the MQW is higher than the highest-energy point of the EBL, as inferred from Fig. 2(a) . This can increase the fraction of electrons that overshoot the QWs and escape from the active region (by means of quasi-ballistic transport). 10 Our simulations demonstrate an advantageous effect of EBL-polarization inversion on the efficiency droop. Figure 3 shows the simulated internal quantum efficiency (IQE) of the conventional LED as well as the LED with polarizationinverted EBL. The conventional LED has peak IQE of approximately 70% at a current density of 20 A/cm 2 . We note that simulation of an LED structure with no EBL results in a lower peak IQE and stronger droop. The LED with a polarization-inverted EBL shows no efficiency droop in this current range, with much higher efficiency. We attribute the efficiency gain to reduced electron leakage from the active region.
In order to illustrate the effect of reduced electron leakage at high currents, we study the electron concentration across the LED's layers at high current densities. Figure 4(a) shows the electron concentration as a function of position for the conventional LED and the LED with polarization-inverted EBL. Inspection of the figure reveals that the LED with polarization-inverted EBL shows lower electron concentration in the p-type GaN. Fig. 4(b) shows the local electron current density across the LED. At 200 A/cm 2 , the conventional LED shows a significant electron current in the p-type region. In contrast to this, the LED with polarization inverted EBL shows negligible current in the p-type region. This reduction in electron leakage explains the improved efficiency droop properties shown in Fig. 3 . 
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We note that the other anticipated advantages of the new LED structure, i.e., (i) enhanced p-type doping and (ii) reduced degradation of the active region, as discussed above, are not included in the simulation. These two advantages should further improve the characteristics of the LED structure and process presented here.
A particular challenge in realizing such an EBLpolarization-inverted LED structure is the wafer-or chipbonding process. This is because the realization of the LED structure presented here requires a wafer-or chipbonding process that is (i) precise at the atomic level so that the continuity of the band structure is not disrupted across the bonding interface and (ii) does not require treatments at excessively high temperatures so that the integrity of the QW active region is preserved. Bonding processes such as metal-based 15, 16 or adhesive-polymerbased processes 17, 18 are not suitable for the current EBLpolarization-inverted LED structure. A potentially suitable bonding process is the semiconductor-to-semiconductor wafer-bonding process in which the adhesion is primarily seen as a result of van der Waals forces. 19 The direct-wafer-bonding process has already been implemented in III-V semiconductor material systems such as AlGaInP/GaP [20] [21] [22] and GaAs/InP, 23 and its application to GaN/GaN interfaces could enable the fabrication of the EBL-polarization-inverted LED structure. Given the anticipated advantages of the EBL-polarization-inverted LED, the availability of a GaN-to-GaN wafer-bonding process would be desirable.
In conclusion, we have presented a GaInN LED structure and process that significantly deviate from conventional GaInN LEDs in terms of implementation and properties. The LED structure, which requires a wafer-or chip-bonding process, has a polarization-inverted EBL with an electronrepelling negative polarization sheet charge at the spacer-EBL interface and allows for the uncompromised optimization of the p-type GaN layer without compromising the quality of the GaInN QWs of the active region. We show that this structure has the potential of extending high efficiencies to the green wavelength region which has long suffered from a severe efficiency droop. Simulations are performed for LED structures having an EBL with (i) conventional polarization and (ii) inverted polarization. The results show a strong reduction in efficiency droop and the associated C DL coefficient.
